We argue that the fermion masses and mixings are organized in a specific pattern. The approximately equal hierarchies between successive generations, the sizes of the mixing angles, the heaviness of just the top quark, and the approximate down-lepton equality can all be accommodated by many flavor models but can appear ad hoc. We present a simple, predictive mechanism to explain these patterns. All generations are treated democratically and the flavor symmetries are broken collectively by only two allowed couplings in flavor-space, a vector and matrix, with arbitrary O(1) entries. Repeated use of these flavor symmetry breaking spurions radiatively generates the Yukawa couplings with a natural hierarchy. We demonstrate this idea with two models in a split supersymmetric grand unified framework, with minimal additional particle content at the unification scale. Although flavor is generated at the GUT scale, there are several potentially testable predictions. In our minimal model the usual prediction of exact b-τ unification is replaced by the SU(5) breaking relation mτ /m b = 3/2, in better agreement with observations. Other SU(5) breaking effects in the fermion masses can easily arise directly from the flavor model itself. The symmetry breaking that triggers the generation of flavor necessarily gives rise to an axion, solving the strong CP problem. These theories contain long-lived particles whose decays could give striking signatures at the LHC and may solve the primordial Lithium problems. These models also give novel proton decay signatures which can be probed by the next generation of experiments. Measurement of the various proton decay channels directly probes the flavor symmetry breaking couplings. In this scenario the Higgs mass is predicted to lie in a range near 150 GeV.
. Several of the models have some similarities to the flavor structure of our model [25] [26] [27] , and especially [1] , including some with supersymmetry (SUSY) [28] [29] [30] [31] or in a GUT [28, [32] [33] [34] [35] . Many of these models only generate some but not all of the Yukawa couplings or require complicated new sectors. Additionally, many low scale flavor models are now in conflict with experimental flavor constraints.
II. GENERAL DOMINO FRAMEWORK
Our goal is to explain the hierarchical pattern of fermion masses and mixing angles, as opposed to merely accommodating the observed smallness of the Yukawa couplings. In this Section we give the basic idea behind our models. Although we generate the Yukawas from radiative corrections, the mechanism responsible for the pattern of hierarchies is more general and may well find application in other models.
A. The Model
To simplify the discussion, we consider here just the couplings in our theory which carry flavor information. These 'flavorful' parts of the superpotential are W ⊃ y 3 10 3 10 3 H u + λ ij 10 i5j φ
where 10 i is the ith generation of 10, H u the light higgs whose vev breaks electroweak symmetry, y 3 the top yukawa and λ is a random matrix with O (1) entries. Currently, φ is a new field that does not get a vev, though we will see in Section III A that it can just be the down-type higgs, H d . The top Yukawa term (the first term in Eqns. (1)) might appear to violate our philosophy since it appears to require a specific choice of direction in flavor space. However, we can rewrite it in a more suggestive, basis-independent way as W ⊃ (c i 10 i ) (c j 10 j ) H u + λ ij 10 i5j φ
where c i is a random vector with O(1) entries. Of course we can always choose a basis in which c points entirely in the 3 direction (i.e. only c 3 is nonzero) which then gives Eqn. (1) . The form of the superpotential in Eqn. (2) indicates how this term can be generated in a flavor-blind manner. We will simply allow a term in the underlying model which has the arbitrary vector c in '10-flavor space'. Since c is only a single vector in '10-space', it can only generate a Yukawa coupling in one direction in 10 ⊗ 10 space, as seen in Eqn. (2) . By choice of basis, we can call this the 10 3 ⊗ 10 3 direction, or equivalently the top Yukawa coupling. This gives only the top quark an O(1) Yukawa coupling and hence a mass around the Higgs vev. At this order, all other fermions are massless. The details of such a model will be given in Section III A 1.
B. Hierarchical Masses
Note that the superpotential in Eqn. (2) breaks all the flavor symmetries U (3) 10 × U (3)5. The top Yukawa breaks U (3) 10 → U (2) 10 , and the λ term breaks the rest of the symmetries. Since the top quark is connected to the Higgs vev and all the flavor symmetries are broken, we expect all the Yukawa couplings to be generated by radiative corrections. Of course, the main point of the model is to generate the hierarchical pattern of masses and mixings so we must avoid generating all the remaining Yukawa couplings at the same order. Naively this might seem to be a problem in the simple model of Eqn. (2) since all the flavor symmetries are broken at the same level by arbitrary, flavor-blind couplings. However, we can see from a simple spurion-type analysis that the Yukawa couplings are generated in the observed hierarchical pattern.
There are only two couplings in the model that carry flavor information, c and λ, so all the Yukawa couplings must be made out of these. Since c only gives the top quark, to generate other Yukawas we must use λ's. Taking the combination λ † c produces a vector in5-flavor space, which will be the bottom and tau direction. Note that at this order, only one direction in5 space, i.e. one generation of downs and leptons, has been given a Yukawa coupling. So ) shows the values of the Yukawa couplings at the GUT scale. These are shown for the MSSM with large tan β as an example [36] . The SM values are similar. Figure 1 (b) shows the hierarchical pattern of masses generated by our domino mechanism. Each arrow represents a spurion factor of either δ for the bottom to top ratio, or 2 for the others.
In the spirit of this paper, the couplings y 3 and λ ij are all O (1). As we will see, from this starting point with no new fields beyond the normal content of the MSSM, the entire flavor structure of the SM is generated radiatively.
A vev h d for h d (the scalar, SU(2) doublet, component of the superfield H d ) makes comparable contributions to the masses of all the three generations. In the absence of fine tuning, this theory can reproduce the electron mass m e only if h d m e . In order to get the correct top mass m t , we must have h u ∼ m t . These constraints together imply that
For the rest of this section, we will assume that the vevs h d and h u satisfy this condition and work in the large tan β limit of supersymmetric theories. The couplings in Eqn. (5) d U 2 D i . These interactions must therefore play an essential role in generating the flavor hierarchies. Constraints from proton decay experiments [37] require these triplet fields to have masses m h M GUT . Quark and lepton masses arise from superpotential terms and are protected by SUSY non-renormalization theorems. Any radiative mechanism that generates these terms must therefore be proportional to the scale F of SUSY breaking. The necessity of the triplet higgs fields and SUSY breaking in this mechanism implies that the radiative masses generated will all be proportional to
GUT
. These radiative corrections can make significant contributions to the quark and lepton mass matrices only if F ∼ O (M GUT ). Consequently, we will assume that supersymmetry is broken at the GUT scale and that the weak scale is stabilized by fine tuning i.e. we work in the context of split SUSY [38] [39] [40] . Since we work in the limit of large tan β, we find ourselves in the parameter space of the theory where h u is fine tuned to be light with h u ∼ TeV and h d receives a GUT scale mass with h d h u . In this context, the spurions y 3 and λ breaks all flavor symmetries and hence, once the chiral symmetries forbidding fermion mases are broken, it will generate masses for all the generations at some loop order. After the first term in Eqn. (5) is fixed to be in the 10 3 direction, there is still a U (2) 10 × U (3)5 flavor symmetry. This can be used to choose a basis in which the arbitrary matrix λ has a 'staircase' form
This staircase form can be arrived at by using U (3) rotations on5 j to make λ an upper triangular matrix, followed by U (2) rotations on 10 i to get the zero on the upper right corner of the matrix. In this basis, it is clear that the second generation masses will be generated from the third generation mass at a lower loop order than the first generation since the third generation can talk to the first generation only through the second generation.
In the following, we first discuss the generation of the top yukawa coupling y 3 10 3 10 3 H u consistent with the flavor democratic principles outlined earlier in this paper. We then study the generation of the remaining quark and lepton masses, followed by estimates of wavefunction renormalizations. The subsequent sections address the effects of higher dimension Planck suppressed operators, GUT breaking operators and superpartner contributions. We then describe the parametric behavior of the final mass matrix obtained from this theory and address the issue of neutrino masses in this framework. We then conclude with a discussion on the requirements imposed on UV completions of this model into the framework of split SUSY. The numerics of this model are discussed in Section IV A where we also compute the color factors associated with the various loop diagrams that generate the fermion mass hierarchy.
The Top Yukawa
The challenge in generating the tree level yukawa term for the top quark in Eqn. (5) is to generate this operator without corresponding terms for the first and second generation 10's but with a completely democratic treatment of all the flavors. We achieve this by initially forbidding the coupling of 10 i to the H u by a global U (1) H symmetry. H u will be allowed to couple to another sector of the theory to which the 10 i fields are linearly coupled (i.e. the vector c i in section II A) while preserving the U (1) H symmetry. Upon spontaneous breaking of the U (1) H symmetry forbidding the yukawa operators, these operators will be generated through the vector c i . In the absence of other flavor breaking spurions in the 10 i ⊗ 10 j space, the vector c i can be christened 10 3 . This mechanism will thus only yield the required yukawa coupling y 3 10 3 10 3 H u . Similar ideas have been employed previously (see e.g. [1, 2, [25] [26] [27] ).
We demonstrate this idea with a concrete example involving the addition of one vector-like pair of fields in the 10 of SU(5), 10 N , 10 N and an SU(5) singlet σ whose vev σ will break the U (1) H symmetry forbidding the yukawa operators. We choose U (1) H charge assignments that do not allow the yukawa operators 10 i 10 j H u (see table I ) and write all the allowed U (1) H invariant superpotential terms
where c i is arbitrary vector and λ ij is an arbitrary tensor in flavor space. A priori, we have the freedom to choose the charge Q d of H d independent of the charge of H u . In the example shown in Table I , Q d was chosen to allow the operator B µ H u H d (see equation (13) ) whose use will become apparent in section III A 3. However, this choice is not necessary since the operator B µ H u H d can be generated after U (1) H is broken. We have not included the term µH u H d for the higgs fields, even though it is allowed by the U (1) H charge assignments in Table I . This term is forbidden by an R symmetry that keeps the gauginos light in split SUSY. The low energy theory cannot contain the higgsino triplets since they spoil gauge coupling unification. These must be removed from the spectrum without breaking the U (1) R symmetry. We discuss ways to achieve this goal in Section III A 10.
Integrating out the 10 H fields, the operator is generated by the tree level diagram in figure (2) . The superpotential (8) does not choose a direction other than c i in the 10 i ⊗ 10 j flavor space. Thus we can choose a basis in this space in which the 10 3 direction points along the direction chosen by the vector c. Using this basis to define flavor directions, we get the superpotential in Eqn. (5) once σ gets a vev with
This yukawa term is O (1) when y N ∼ O (1) and σ ∼ M .
Up Masses
The top quark mass y 3 (10 3 10 3 H u ) breaks the chiral symmetry forbidding fermion masses in the 10 i ⊗ 10 j space (i.e. the up quark sector). In the presence of this term, the spurion λ, which breaks all the other remaining flavor symmetries, will generate masses for the first and second generation up quarks. Starting with the top mass, the diagram in Figure 3 (a) generates a second generation charm mass y 2 (10 2 10 2 H u ) at 2 loops. This diagram is a non-planar, log divergent diagram whose magnitude is (see Section IV A)
where λ ij are elements of the λ matrix, N u 2 is the color factor for this diagram and Λ is the UV cut-off of the diagram. Of course, in this particular case of generating the 10 2 10 2 element of the Yukawa matrix, in place of λ . In the limit of unbroken supersymmetry, the diagram in Figure 3 (a) is cancelled by its counterparts involving super-partners. When supersymmetry is broken, the diagrams will be cut off at the SUSY breaking scale F . The diagram also falls apart when the momentum through the loops are larger than the figure 3 (e), we show the generation of a b − τ mass at one loop below the top quark mass. The parametric hierarchy in the generated masses is as predicted by the spurion analysis of section II B.
scale M at which the effective top yukawa y 3 (10 3 10 3 H u ) is generated (see subsection III A 1). This loop is therefore cut off at the scale Λ which is the smaller of these two scales. For the purposes of this paper, we will assume that Λ ∼ F ∼ M GUT , a condition that is satisfied as long as M M GUT . Numerically, the yukawas in Eqn. (11) generate the observed charm mass, y3 y2 ≈ 300, for λ ij ≈ 1.5 when the log in (11) is ≈ 4 and the color factor N u 2 ≈ 4. Note that this comparison is made at the scale Λ ∼ M GUT at which these yukawas are generated.
As emphasized earlier, the staircase structure of the λ matrix ensures that first generation masses are not generated at 2 loops from the top mass by this diagram. However, once the charm mass is generated, the diagram in Figure 3 (a) will generate an up quark mass y 1 (10 1 10 1 H u ) at 2 loops from the charm mass. In addition to these effective four loop diagrams, there are 5 more diagrams like Figure 4 that also contribute to the up mass. We expect these diagrams to contribute to the up mass at comparable levels and estimate the total contribution to be
This estimate is arrived at by multiplying the total number of 4 loop contributions to the up mass (i.e. 6) and the value of the two loop contribution to the up mass from the charm mass (obtained from equation (11)). This contribution is comparable to the up mass when λ ij ∼ 1. Borrowing the language of section II B, we see that the domino mechanism has generated a charm mass at order 2 (i.e 2 loops) and an up mass at order 4 (i.e. 4 loops), as expected from the spurion analysis. In addition to the masses, the diagrams discussed in this section also contribute to the 23 mixing angle at order 2 and the 12, 13 mixing angles at order 4 . However, as expected from the spurion analysis, these are sub-dominant to the lower order contributions to the mixing angles from wavefunction renormalizations (see section III A 4).
Down and Lepton Masses
The chiral symmetry forbidding fermion masses in the 10 i ⊗5 j space is broken by the operators 10 i5j h d and 10 i5j h † u . Since h d h u in this model, masses for the down quarks and leptons must be generated through the operators 10 i5j h † u . This operator is not invariant under SUSY and can only be generated after SUSY breaking. The simplest SUSY breaking operator that connects the 10 i5j H d operators in the superpotential (5) to the chiral symmetry breaking term y 3 (10 3 10 3 H u ) is
In the presence of this operator, a mass x 3 10 353 h † u is generated for the b quark and τ lepton at one loop from the top mass through the diagram in figure (3(e) ). The value of this diagram when Bµ m (14) where N d 1 is the color factor for the diagram. In the absence of SU (5) breaking, this diagram will give equal masses to both the b and τ . Under the standard model gauge interactions, the Bµ term decomposes into
Generation of SU (5) breaking masses for the b and τ at one loop below the top mass using a SU (5) breaking Bµ term B
for the triplets. where h u , h d are the higgs doublets, h
d are higgs triplets and B
µ , B
µ are their respective B µ couplings. When h u develops a vev h u , the linear coupling B 
µ and hence contributions to Figure 3 (e) from the higgs triplets will also be suppressed resulting in unacceptably small masses for the b and τ . However, since SU (5) is broken at this scale, it is possible for the B µ term to violate SU (5) invariance, resulting in B
. This splitting is reminiscent of doublet-triplet splitting in SU (5) and it is conceivable that the physics responsible for this splitting could also split B (2) µ and B (3) µ . Once this has been achieved, loops involving B (3) µ will not be suppressed and the diagrams in figure (5) will generate masses for b and τ at one loop below the top quark mass. As a result of the explicit SU (5) breaking, the b and τ masses generated by this mechanism will not be equal. These SU (5) breaking effects are further studied in sections III A 6 and IV A. (14) is comparable to the b − τ mass for λ ij ∼ 0.7.
We note that the generation of the b − τ yukawa coupling 10 353 h † u will result in a contribution to B h u . Consequently, this contribution must be tuned away during the initial tuning required to get B . The b and τ masses and the spurion λ ij break the chiral and flavor symmetries protecting the masses of the remaining down quarks and leptons. These masses will now be generated at some loop order. In particular, the s − µ masses, x 2 10 252 h † u , are generated at two loops below the b − τ mass by the diagram in figure 3(b). This non-planar diagram is similar to the 2 loop contribution to the charm mass computed in equation (11) and its value can be estimated to be where N d 2 is the color factor for this diagram. In addition to the above effective three loop contribution through the b − τ mass, there is also a direct three loop contribution from the top mass to x 2 from the diagram in figure 7(a). This diagram involves the SUSY breaking Bµ term and is estimated to be
The color factors for these diagrams are ∼ 5 (see section IV A) and these contributions produce the correct second generation masses for λ ij ∼ 2.5. The diagram of figure 7(b) produces a mixing x 23 between the second and third generation at two loops. This planar diagram also involves the SUSY breaking Bµ term and yields
The staircase form of the λ ij matrix (see equation (7)) ensures that the first generation does not receive a mass at this loop order. A first generation mass x 1 10 151 h † u will however be generated at two loops below the second generation mass by the diagram in figure 3(b). In addition to these effective five loop diagrams, there are 11 more diagrams like figure (8) that also contribute to the d − e mass. We expect these contributions to be comparable and estimate the total contribution to be
This estimate is arrived at by multiplying the total number of 5 loop contributions to x 1 (i.e. 12) and the value of the two loop contribution to this mass from the second generation mass (obtained from equation (16)). The d − e mass is generated from this mechanism with λ ij ∼ 1.
The domino mechanism has generated a b − τ mass at order δ i.e at one loop, using the B
µ that communicates the chiral symmetry broken in the 10 i ⊗ 10 j space to the 10 i ⊗5 j space. s − µ and d − e masses are then generated at orders δ 2 and δ 
Wave-function Renormalization
Wave-function renormalizations cannot change the rank of the mass matrix and hence do not generate mass terms. However, once the masses have been generated, they can alter the magnitudes of the mass eigenvalues. They can also contribute to mixing angles between generations. The one loop diagrams in 
where N (10,5) Z is the color factor for the diagram, whose value depends upon the propagating external state (i.e. 10 or5). Kinetic mixing between the third and first generation (i.e. the operators 10 † 1 10 3 and5 † 15 3 ) are induced at two loops by a similar mechanism.
Planck Slop
The U (1) H symmetry imposed earlier (in section III A 1) to forbid the tree level yukawa couplings H u 10 i 10 j allows the higher dimension operator
It is natural to suppress this dimension 6 operator by the cut-off of the theory i.e. the Planck scale M pl . When σ acquires a vev σ , this operator will make contributions ∼ σ M pl 2 h u to the up sector quark masses. For
GeV, this term is comparable to the mass of the first generation u quark. The only flavor directions in the renormalizable part of the superpotential (5) are the vector c i that picks the 10 3 direction and the tensor λ. The dimension six operator discussed above is the first source of new flavor directions in the theory consistent with the U (1) H symmetry imposed on the superpotential (8). As discussed above, its effects are comparable to the masses of the first generation. However, if U (1) H were a global symmetry, one may worry about the generation of U (1) H violating lower dimensional operators such as 10 i 10 j H u and σ10 i 10 j H u that would introduce other new flavor directions in the theory. These operators could be generated by Planckian physics since global symmetries are believed to be violated by quantum gravity. However, we are not perturbed by this possibility since U (1) H could in fact be gauged in this model without affecting the domino mechanism. It is also straightforward to find discrete symmetries that allow the operators in (8) while forbidding the dangerous lower dimension operators discussed in this paragraph. The global U (1) H symmetry then emerges as an accidental consequence of these discrete symmetries.
Due to the existence of the diagram Figure 2 , every charge assignment consistent with Eqn. (8) will allow the operator in Eqn. (21) and hence this operator is likely to be generated by any UV completion of this theory. Thus "planck slop" in the up sector masses is unavoidable. It is also possible to find charge assignments (e.g Q 10 = 0 in Table I ) that allow the dimension six operator
without allowing the dangerous operators discussed above. This operator contributes to down and lepton masses if σ acquires a SUSY breaking F term vev ∼ F σ . This contribution is also of order the electron and down quark masses for
These arguments suggest that the masses and mixing angles of the first generation quarks and leptons are susceptible to the effects of additional flavor directions generated by Planckian physics. Interestingly, such Planckian physics naturally generates masses, mixings, and the phase of the CKM matrix at their observed levels, as we will see in Section IV. 6 . GUT Breaking SU (5) breaking effects in the higgs sector, such as a mass splitting between the doublet and triplet components of H d , feed into the down quark and lepton masses generated by the domino mechanism. The model discussed in this section requires B 
Note that this depends only on the ratio of the color factors and not on the values of couplings or anything else in the diagram. This is close to the ratio yτ y b ≈ 1.7 expected in split SUSY [40] . Masses for the other generations are generated by the diagrams 3(b), 7(a), 7(b) and 8. SU (5) breaking enters these diagrams through mass splittings between the doublet and triplet components of H d . The color factors and mass ratios that control the sizes (for example, see equation (16)) of these diagrams are determined by the component of the H d that runs through these diagrams. O (1) doublet-triplet splitting will lead to O (1) differences in the generated masses. In section IV A, we will show that these higgs sector doublet-triplet splittings can naturally accommodate the observed violations of GUT relations in the down and lepton masses.
Superpartner Effects
In the limit of unbroken SUSY, the radiative corrections that generate the fermion masses are cancelled by corresponding superpartner loops. SUSY breaking is thus an essential part of this mechanism. But, these SUSY breaking terms (e.g. scalar masses and A terms) can potentially introduce new flavor spurions into the model. These new spurions cannot affect the hierarchy between the third and the second generation since the chiral symmetry breaking directly experienced by the top quark has to be communicated to the other generations. In this model, the breaking of the chiral symmetry is communicated through loops and hence the masses of the second generation will always be parametrically smaller than that of the third generation. However, as articulated in section II B, the first generation masses are parametrically smaller than the second generation masses only because there are exactly two dominant flavor breaking spurions (i.e. c and λ) in (8) . The inclusion of new flavorful spurions through SUSY breaking terms can potentially upset the hierarchy between the first and second generations. SUSY breaking in the form of mass splittings between the fermion and scalar components of
d term for the triplet higgs scalars is sufficient to generate all the quark and lepton masses (see sections III A 2 and III A 3). We will first assume that these are the only tree-level SUSY breaking operators and analyze their effects on the mass generation in the up sector (i.e. the 10 i ⊗ 10 j sector). The up quarks U 1 and U 2 couple to the flavorful part of the superpotential (8) through the higgs triplets. The loops responsible for their masses will involve the higgs triplets and these loops will be dominated by momenta of order the triplet masses ∼ M GUT . SUSY breaking ∼ M GUT in this sector leads to scalar masses m 2 S and mixings δm 2 S one loop below the GUT scale
GUT . Since the generated masses are all of comparable order, the scalars are maximally mixed with O (1) mixing angles. These mixing angles can induce masses for the first generation at two loops through the diagrams in 9. Due to GIM cancellations that occur at momenta much larger than the scalar masses, these two diagrams yield finite threshold corrections ∝
(where the square arises from the need to insert two mixing angles in order to generate a mass for the first generation). As discussed above, the scalar mixings are a loop factor below the triplet masses and hence this contribution is parametrically of the same order as the four loop contributions computed earlier. Similarly, the contributions of these scalar masses to mixing between the first generation and the other generations is also suppressed. The hierarchies in the up quark sector are therefore parametrically unaffected by SUSY breaking in the higgs sector. The generation of down and lepton masses involves the exchange of higgs doublets, in particular, the light higgsinos. In this case, the threshold corrections to the first generation masses discussed above are ∝ GUT . Thus, a SUSY breaking mechanism that generates comparable flavor diagonal scalar and higgs sector masses will parametrically generate a mass hierarchy.
Note that a parametric separation between the first and second generation masses is not necessary. The threshold corrections computed above are not enhanced by the ubiquitous log factor in the previously computed log divergent diagrams. Furthemore, these contributions are proportional to the fourth power of couplings and hence even a modest hierarchy ∼ 1 3 in the couplings can suppress these contributions without the need for flavor diagonal scalar masses. In this case, the contributions from this finite threshold correction will be numerically comparable to the parametric five loop contributions. 
where and δ parametrize the cost of each insertion of the spurions λλ † and λ † respectively (see section II B). In addition to these yukawa couplings, the diagrams discussed in this model also generate wave-function renormalizations z 
Upon diagonalization of the kinetic terms, we get the mass matrices,
for the up (Y u 10 10 H u ) and down Y d 105 H † u sectors respectively. The parametric form of these mass matrices (i.e. the masses and mixing angles) are identical to the predictions of the spurion analysis of section II B.
The domino mechanism has generated these mass matrices by repeated use of two spurions, λ and c. After phase rotations, λ can be made into a real matrix with 5 independent parameters, 3 of which generate the second and third generation masses. Phase rotations can also be used to make c real, yielding one additional parameter. The mechanism also requires a B µ ) generate the 5 parameters of the second and third generation masses (2 up quark masses, 2 down and lepton masses and one mixing angle). The number of input parameters is equal to the number of measured Yukawa couplings, so we do not have exact predictions. However, the input parameters have a very limited range of acceptable values, all must be O(1), and so all the Yukawas are predicted up to O(1) factors. Hence, the domino mechanism can explain the hierarchies in the observed masses and mixing angles.
In addition to these, the mass matrices also receive contributions from Planck suppressed operators (see section III A 5). The contributions from these operators ∼ O 3 − O 4 are significant only for the first generation mass and its mixing with the second generation. Furthermore, these operators can also introduce CP violating phases into the theory. The Planck suppressed operators that involve only the first and second generation will induce at least four new parameters including two phases in the up quark sector. Similarly, Planck suppressed operators can also contribute masses, mixings and phases to the first generation down sector masses. In addition to these operators, the down sector masses can also be affected by the vev h d of the doublet h d . With all these parameters that contribute at levels comparable to the masses of the first generation, it is easy to accommodate the observed first generation masses in this framework. The numerical comparison between these matrices and the observed quark and lepton masses, including GUT breaking effects, is performed in section IV A.
Neutrino Masses
We have not attempted to explain the neutrino masses and mixings since they are already well described by either the standard seesaw mechanism or extra-dimensional mechanisms. Following our general philosophy, the neutrino masses can be generated with appropriate values simply by allowing the terms W ⊃ H u5 N + N N with arbitrary, flavor-blind coefficients (often called neutrino anarchy [41] [42] [43] ). In our minimal model we may need to take the neutrino Yukawa couplings to be somewhat small and a correspondingly lighter N mass (perhaps even at the TeV scale) in order to avoid feeding new flavor structure back into the quark and charged lepton sectors. Such a structure can easily be generated in an extra-dimensional model. For example, if all the SM fields are located on one brane (or localized in one place) in the extra-dimension, except the right handed neutrino field N , the Yukawa couplings are naturally small. In fact, such a scenario could also easily give appropriate Dirac neutrino masses through the exponential suppression of the neutrino Yukawa couplings [17] . Since neutrino masses and mixings may not have a structure and may in fact be anarchic, we do not attempt here to explain them further with our domino mechanism. This could be an interesting direction to explore further, especially since such a model might allow new possibilities for explaining the quark and charged lepton Yukawas as well.
It may also be possible to use the same neutrino mass model as proposed for our model with 45's (see Section III B 6). In this case though, the couplings y ν in Eqn. (35) would need to be 10 −2 instead of O(1) to avoid feeding new flavor structure back into the quark and charged lepton Yukawas.
Triplet Higgsinos
In split SUSY, gaugino and higgsino masses are decoupled from scalar masses due to an unbroken U (1) R symmetry at low energies. This R symmetry forbids µ H u H d . Masses for the doublet higgsinos are generated when the R symmetry is spontaneously broken at the ∼ TeV scale. However, the triplet higgsinos cannot be present at low energies since they ruin gauge coupling unification. Split SUSY requires a mechanism to eliminate the triplet higgsinos from the low energy spectrum without breaking the R symmetry. In the model discussed in this section, the triplets play an essential role in generating fermion masses since they break the flavor symmetries of the U quarks. However, note that all these symmetries are broken individually by both the scalar and fermion triplets. Consequently, quarks and lepton masses will be generated in this mechanism in the presence of the scalar triplets h d . These two observations suggest a possible UV completion that can incorporate this domino mechanism in split SUSY. Consider a scenario with GUT scale extra dimensions in which the triplet higgsino zero modes are projected out using orbifolds, while retaining the zero modes of the scalar triplets. This orbifold breaks SUSY at the compactification scale ∼ M GUT . The elimination of the triplet higgsino zero modes by orbifolding eliminates the triplet higgsinos from the low energy spectrum without breaking the R symmetry necessary to have light gauginos. The retention of the zero modes of the scalar triplets allows the domino mechanism to generate masses for all the quarks and leptons. This strategy of eliminating the higgsino triplets while retaining the scalar triplets and an unbroken R symmetry leads to a consistent effective field theory with broken supersymmetry. Consequently, in addition to the UV completion suggested above using orbifold compactifcations, there may be other UV completions that incorporate these ideas.
B. Model with 45's
In this section, we discuss the case where φ is a 45 of SU (5). The mass generation mechanism proceeds through the superpotential W ⊃ y 3 10 3 10 3 H u + λ ij 10 i5j φ (27) that is similar in spirit to the minimal model described in section III A, where φ was a5. The key features of the model, including the repeated use of the flavor breaking spurions λ and c in (27) , are similar to those of the minimal model. Since the 45 breaks baryon and lepton number, it mediates proton decay. Consequently, as in section III A, this model also requires split SUSY with SUSY broken at the GUT scale in order to generate the flavor mass hierarchy. As we will see, the choice of φ as a 45 ameliorates some of the weaknesses of the minimal model, including the need to tune h d . We first discuss the generation of the top yukawa coupling, after which we sketch the radiative mass generation mechanism for the remaining quarks and leptons. We then point out that unlike the minimal model, this model does not require additional tunings in the B µ sector. The effects of planck suppressed operators are then addressed. We then comment on the possible UV completions of this model into the framework of split SUSY. The generation of neutrino masses in this framework is then discussed before concluding with a comparison of this model and the minimal model discussed in section III A.
The Top Yukawa
The top yukawa can be generated in a flavor democratic way by only allowing H u (through choice of U (1) H symmetry) to couple to a sector of the theory that has linear couplings to the 10 i fields (see section III A 1). To that end, we introduce one new vector-like 10 field 10 N1 and a singlet σ whose vev σ breaks the U (1) H symmetry that forbids fermion masses. We add the terms W ⊃ a 11 10 N1 10 N1 H u + c i 10 N1 10 i σ + M 1 10 N1 10 N1 (28) to the superpotential (27) instead of the yukawa coupling y 3 10 3 10 3 H u . Integrating out the 10 N1 , we get the effective operator
generated by the diagram in figure 2 . Choosing a basis in which the 10 3 direction points along c i (see section III A 1),
we generate a yukawa coupling y 3 = a11 σ M1 2 for the top quark in a flavor democratic way.
The Mass Hierarchy
With the generation of the top quark mass, upon SUSY breaking, the flavor breaking term λ ij 10 i5j φ will cause masses for the charm and up quark at two and four loops below the top quark mass respectively. The generation of these masses is similar to the mechanism discussed in section III A 2 through two loop diagrams similar to figure 3(a), with H d replaced by φ.
Down quark and lepton masses can be generated only after the breaking of the chiral symmetry in the 10 i ⊗ 10 j space is communicated to the 10 i ⊗5 j space. This can be achieved by introducing φ, a 45 of SU (5) that will communicate between the top quark and the flavor breaking spurion λ. We will also add a new vector-like 10 field 10 N2 to the theory. The need for this new field will become apparent shortly. To the superpotential (28), we add the terms W ⊃ a 12 10 N1 10 N2 H u + b 12 10 N1 10 N2 φ + M 2 10 N2 10 N2
We introduced two 10 Ni fields since φ, a 45 of SU (5), couples to the antisymmetric combination of two 10s, which is zero unless the two 10s are different fields. Integrating out the 10 Ni fields, we get the effective operators
generated by the diagrams in figure 10 (a). Choosing a basis in which the 3 direction points along c i , once σ gets a vev σ , we generate the following interactions for the top quark:
In the presence of a SUSY breaking B µφφ term, these interactions will communicate the breaking of the chiral symmetry in the 10 i ⊗ 10 j sector to the flavor-breaking 10 i ⊗5 j sector. With these, the one loop diagram of figure 10(b) will generate a b − τ mass x 3 10 353 h † u . Once chiral symmetry is broken by this b − τ mass in the 10 i ⊗5 j space, s − µ and d − e masses are generated at two and four loops below the b − τ mass. This mechanism is similar to the one discussed in section III A 3 and operates through two loop diagrams similar to figure 3(b) with H d replaced by φ.
U (1) H charge assignments that allow the operators in (28) and (30) but not the standard model yukawa couplings 10 i 10 j H u and 10 i5j H d are shown in Table II . The φ, φ fields cannot exist at low energies since they spoil gauge coupling unification. While the scalarsφ andφ can receive SUSY breaking masses at the GUT scale, the elimination at low energies of the fermionic φ and φ must be achieved without breaking the R symmetry necessary to have light gauginos. We discuss these issues that arise in split SUSY in section III B 5.
Note that the superpotential (28) contains the term c i 10 N1 10 i σ but not d i 10 N2 10 i σ. The domino mechanism requires the absence of this term as it picks out another direction in flavor space, upsetting the hierarchy between the first and second generation masses (see section II B). However, since we need the operators a 11 10 N1 10 N1 H u , a 12 10 N1 10 N2 H u and c i 10 N1 10 i σ to generate (32) , it is impossible to find U (1) H charge assignments that will allow c i 10 N1 10 i σ but not d i 10 N2 10 i σ. Since these are superpotential terms, as an effective field theory, it is consistent to have one without the other due to SUSY non-renormalization theorems. A simple UV completion that contains all the terms of (28) but a highly suppressed d i 10 N2 10 i σ can be realized using locality in extra-dimensional theories. For example, in a brane-world scenario, the superpotential (28) can be realized by localizing 10 N1 and 10 i at one brane and 10 N2 at the other brane with all the other fields having flat profiles in the bulk. We will not explore these UV completions further in this paper and will instead concentrate on the phenomenology of (28) .
The operators in (28) also cause kinetic mixing between generations through wavefunction renormalizations. The dominant one loop diagrams that contribute to these mixings are similar to the one loop diagrams for the minimal model discussed in section III A 4, with the H d fields in those diagrams replaced by φ. The masses and kinetic mixings generated by this mechanism are parametrically similar to the mass matrices for the minimal model discussed in section III A 8. Upon diagonalization of the kinetic terms, these matrices yield hierarchial quark and lepton mass matrices. The generated hierarchies are parametrically identical to the predictions of the spurion analysis presented in section II B.
The Absence of Tuning
In addition to the radiative contributions to the fermion masses discussed above, a vev φ (2) for the doublet component φ (2) of φ directly causes quark and lepton masses through the term λ ij 10 i5j φ. Similarly, a vev φ (2) for the doublet component of φ (2) of φ also causes fermion masses since φ (2) ∼ φ (2) as a result of the large B µφφ term. In the absence of tuning, these contributions must not be larger than the first generation masses and hence we need φ (2) , φ
O 10
h u . Since electroweak symmetry is broken by h u , φ (2) and φ (2) are generated through operators of the formφ (2) h * u andφ (2) h u . These operators can be generated only after SU (5) is broken. It is conceivable that the physics responsible for breaking SU (5) generates these operators without any suppression. The construction of a UV theory that incorporates the breaking of SU (5) is beyond the scope of this paper. However, we will now present some examples of SU (5) breaking where these terms are sufficiently suppressed.
SU (5) could be broken through a vev Σ for Σ, a 24 of SU (5). In this case, the operatorφ (2) h * u is extracted from the SU (5) invariant operator Σ † Σ φ † H u after SUSY and SU (5) are broken. This dimension six operator is the first operator that allows for the extraction ofφ (2) h * u since lower dimension operators that involve one Σ field insertion can be easily forbidden by choice of U (1) H charge assignments for Σ. The generation of this diagram requires gauge interactions since in the absence of gauge interactions, Σ does not know about the existence of φ or H u . The 10 Ni sector must also be involved in generating this operator since in the absence of these fields, there exist U (1) H charge assignments that forbid Σ † Σ φ † H u . The diagram that generates this operator must therefore involve at least two loops since it must know about both the 10 Ni sector and gauge interactions. The contribution from this diagram is suppressed by at least ∼ Σ and the cut-off will also rapidly suppress this operator. These considerations lead to φ (2) O 10
Similarly, we also have φ h u . Consequently, in this model, SUSY breaking effects lead to fermion mass contributions comparable to that of the first generation, without the need for additional tuning.
Another way to break SU (5) while eliminating these operators is to project out the doublet components φ (2) and φ (2) using an orbifold. The remaining multiplets in the 45 also break all the flavor symmetries and the domino mechanism will generate hierarchial quark and lepton masses through them.
Planck Slop
The masses of the first generation quarks and leptons can also receive significant contributions from Planck suppressed operators (see section III A 5). Any U (1) H charge assignment that allows the operators in Eqn. (32) will also allow the higher dimension operators
These operators will contribute to the masses, mixings and phases of the up quark after σ acquires a vev σ . U (1) H charges Q d and Q φ of H d and φ can be chosen to allow the operators
An example charge assignment that allows the first operator is shown in Table II . As we will see in section III B 5, this model can allow h d ∼ h u . In this case, once σ acquires a vev σ , the first operator in (34) can make significant contributions to the masses, phases and mixings of the d quark and electron. The second operator in (34) was discussed earlier in section III A 5 and gives rise to first generation masses and phases after σ develops a SUSY breaking F term vev F σ . This operator contributes even when h d h u .
φ, φ Fermions
The fermionic components of φ, φ cannot be present at low energies since they ruin gauge coupling unification. In this model, they can be removed in two ways while retaining unification. One way to achieve this goal is to follow the strategy outlined in section III A 10 whereby a SUSY breaking orbifold is used to project out the zero modes of the fermionic φ and φ fields while retaining the scalar componentsφ andφ. In this scheme, the elimination of the fermionic φ and φ zero modes is done without breaking the R symmetry that protects gaugino and doublet higgsino masses, leading to the familiar split SUSY scenario with gauginos and higgsinos of mass ∼ TeV.
This model also allows for another possibility. Split SUSY required the existence of gauginos and higgsinos at low energies in order to allow unification. However, as pointed out in [44] , the gauge couplings unify even if the low energy spectrum contained only light doublet higgsinos. A spectrum with ∼ TeV scale doublet higgsinos and gaugino masses at the SUSY breaking scale is radiatively stable in the limit h d h u (i.e. the tan β → ∞ limit) [40] . In this limit, the higgsinos can be light since their masses are protected by a U (1) P Q symmetry. The model discussed in this section is compatible with this symmetry since the model does not require large P Q breaking operators (unlike the B
d term in the model discussed in III A). Furthermore, since the mass generation only involves h u , this model also allows tan β → ∞. Consequently, in this model, the fermionic φ and φ can receive µ φ ∼ GUT scale masses through R symmetry breaking operators of the form µ φ φ φ. With a broken R symmetry, the gauginos become heavy and the low energy spectrum of the model only contains the higgsino doublets, thus retaining unification.
Neutrino Masses
Just as for the minimal model in Section III A 9, the neutrino masses can be simply generated by either a standard seesaw or extra-dimensional mechanism. In the model discussed in this section there is an additional possibility. We suggest a way to add a radiative mechanism to the standard seesaw which makes new predictions for neutrino masses and mixings. Instead of simply allowing the standard heavy right-handed neutrino mass term, we will forbid it and then generate it with a mechanism similar to that used for the quarks and charged leptons. In addition to the usual three right handed neutrinos, N i , we add one more which we call N . We charge the neutrino fields under our U(1) symmetry as in Table III . So only N has an allowed mass term. The other three N i will get mass when σ gets a vev breaking the U(1) symmetry.
If we then write down all allowed terms in the superpotential
where all couplings are O(1) and all scales ( σ and M N ) are near M GUT . There is a basis in which the coupling c i points only in the N 1 direction. Thus when we integrate out the N it will generate a mass at tree level for only one of the right handed neutrinos, which we will choose to call N 1 . If we also have an arbitrary SUSY-breaking scalar mass matrix for the N i , then masses are generated for both the remaining N 2 and N 3 through the diagram in Figure  11 . This generates a mass matrix for the N i of the form: Table II but still allows our model for the quark and charged lepton Yukawa couplings. Note that for this model the charge of 10i is fixed. These charges allow only the terms in (35) , though this also requires choosing the R-parity of N to be +.
The diagram which generates the right handed neutrino masses for our neutrino model of Section III B 6. Note that we have labelled the neutrino line on the right as N2 to illustrate that it is only a single direction in Ni space and it is in general different from N1. By contrast the other neutrino is labelled Ni to illustrate that it can be any of the 3 right handed neutrinos.
where 2 stands for the two-loop diagram in Figure 11 . This texture arises from the choice of direction N 2 as explained in that figure. Notice that we have generated one right handed neutrino mass at the GUT scale and two that are a couple orders of magnitude below the GUT scale. This generates a Majorana neutrino mass (
Because of the spectrum of right handed neutrino masses, two of the Majorana neutrino masses are heavier while one is lighter by a couple orders of magnitude, the 'inverted hierarchy.' This predicts the correct order of magnitude for the neutrino masses and the arbitrary matrix y ν will in general lead to large mixing angles (though of course θ 13 has to be a bit small 12
• ). Thus we have naturally explained the size of the neutrino masses and mixings, including why (two of) the right handed neutrino masses are not at the GUT scale but are a couple orders of magnitude below.
Comparison
The minimal model discussed in section III A generated the fermion mass hierarchy with the addition of just one new, GUT scale, vector like 10 to split SUSY. In this model, the entire flavor hierarchy was generated using the H d field. However, the model requires a tuning of the B µ terms so that Additionally, in the minimal model, since the doublet higgsinos are light, parametric separation between the first and second generation masses required flavor diagonal scalar masses (see section III A 7). When φ is a 45, the fermionic components of φ, φ are either projected out or have GUT scale masses (see section III B 5). When the φ, φ have GUT scale masses, a GIM-like cancellation exists in superpartner diagrams like figure 9 as long as the squark and slepton masses are smaller than the fermionic φ, φ. If the primary SUSY breaking source in the theory occurs in the φ, φ sector, the contributions from the squark and slepton masses generated at one loop from this SUSY breaking contribute to the first generation masses at parametrically the same order as the radiative mass generation mechanism. This is analogous to the case of the higgs triplet discussed in section III A 7. These superpartner diagrams do not exist if the fermionic φ and φ are projected out. The only SUSY breaking necessary in this model to produce the fermion mass hierarchy are the SUSY breaking interactions in the φ, φ sector. Flavor diagonal scalar masses are not required in this model. However, direct SUSY breaking contributions to the squark and slepton masses should still be smaller (∼ 1 16π 2 ) than the masses in the φ, φ sector so that λ ij continues to be the dominant source of flavor breaking in the theory.
Numerically, as we will see in sections IV A and IV B, the model with 45 has larger color factors and can therefore more easily accommodate some of the observed mass hierarchies, in particular, the µ − s mass. The case with 45 is however less minimal. It requires the addition of more particle multiplets (two vector like 10 Ni fields as opposed to one vector like 10 N field in the minimal model) as well as the absence of certain superpotential terms (for example, d i 10 N2 10 i σ in equation (30) that are allowed by symmetries).
IV. NUMERICAL RESULTS
In this section we discuss numerical fits of the models discussed in this paper to the observed quark and lepton masses. We evaluate the color factors and estimate the size of the loops that enter into the domino mass generation mechanism. After estimating the sizes of these contributions, we discuss the emergence of GUT breaking effects in the generated masses. Contributions (including phases) from Planck-suppressed operators are then addressed. We first discuss the numerics of the minimal split model (see section III A) followed by the model with 45.
A. Minimal Model
The minimal split model accomplishes the generation of the quark and lepton masses through loops involving the higgs multiplets H u and H d . The color factors for the diagrams responsible for this mass generation are listed in Table IV . These color factors were evaluated for the superpotential
with canonical normalization of the kinetic terms. This superpotential is derived from
which yields eqn. (37) The SUSY breaking B µ term responsible for transmitting the breaking of the chiral symmetry to the 10 i ⊗5 j space 23 was taken to be
We now estimate the sizes of the loop diagrams described in Table IV . The diagrams in figures 3(a) and 3(b) are log divergent. The divergent piece of this diagram was computed using dimensional regularization. The value of the diagram depends upon color factors and couplings and evaluates to 2 × (color factor) × (couplings) (40) where the loop factor 2 is
Λ is the UV cut-off of the loops and m h d is the mass of the triplet h d (see section III A 2) . Similarly, the one loop wave-function renormalization diagrams 3(c) and 3(d) are also log divergent. The size of the divergent part of the diagram is
The one loop diagram 3(e) is convergent and its magnitude is
The topology of the three loop diagram in figure 7 (a) is similar to that of the effective three loop diagram in figure 3 (b) that yields the s − µ mass. Both diagrams have one non-planar loop, in the absence of which they yield planar, nested loops. The divergence structure of these diagrams should be similar and we estimate it to be
The two loop diagram in figure 7 (b) is a nested, planar diagram. The inner loop is very similar to the one loop wave-function renormalization described in figure 3(c) while the outer loop is very similar to the one loop diagram responsible for generating the b − τ mass in figure 3(e) . The divergences of this diagram factorize and their overall size is
Using the color factors in Table IV and the values of the divergent contributions computed above, the leading parametric piece of the generated yukawa matrices y ij 10 i 10 j H u and x ij 10 i5j H † u are The domino mechanism also generates wavefunction renormalizations. While these do not change the rank of the mass matrix, they can alter mixing angles and the magnitude of the generated masses. The leading parametric contributions to these renormalizations are estimated using equation (42) and the color factors from Table IV . These yield 
These wavefunction renormalizations are incorporated into the theory through the beta functions responsible for renormalizing the yukawa couplings X and Y . The yukawa matrices Y and X get renormalized as
Upon diagonalization, the final mass matrix has the parametric form (26) . We numerically fit these diagonalized matrices to data. We take the Higgs vev to be v = 174 GeV. In the absence of a full calculation in split SUSY, we take the values of the Yukawa couplings at the GUT scale from those calculated in the SM [36, 45, 46] since the runnings are similar [40, 47] . Further, the Yukawa couplings at the GUT scale are similar in the SM and in the MSSM, so it seems likely that they will be similar in split SUSY. Further, the values in split SUSY are likely to be closer to those in the SM than in the MSSM because of the lack of squarks and sleptons and the corresponding flavor directions they introduce. So we take the values of the Yukawa couplings (after diagonalization) at the GUT scale to be 
These are the values we will attempt to fit with our model. The second and third generation quark masses and the mixing angle V cb = V ts are reproduced with
We note that these estimates were made by only including the divergent pieces of the diagrams discussed in Table  IV . Since the log factors used in these estimates are O (1), finite contributions to these diagrams are also signficant. Furthermore, these evaluations were made to two loop orders below the top mass for the up sector yukawa matrices and two loop orders below the b − τ mass for the down and lepton sector yukawa matrices. Higher order loops will correct these estimates and these corrections could also be significant since the estimated values of λ in (54) are ∼ 2. Finally, the superpartner counterparts of the diagrams discussed in Table IV will also correct the final values of the generated masses. Owing to these effects, there is some uncertainty in the above estimates and they may receive O (1) corrections. However, we emphasize that these O (1) differences in λ will not affect the hierarchy between the generated masses. The hierarchy is always present in this model due to the repeated use of the same spurion to generate fermion masses (see section II B). Since the use of the spurion involves a loop, the size of the hierarchy is determined by loop factors ∼ 1 16π 2 . In the absence of SU (5) breaking, leptons and down quarks will have equal masses. However, the familiar SU (5) GUT relation y b = y τ is difficult to fit with the observed masses either in the standard model or the MSSM [36, 48, 49] . This tension persists in split SUSY [40] , where yτ y b ≈ 1.7 when the SUSY breaking scale ∼ M GUT . In the domino mechanism, the generated quarks and lepton masses are not SU (5) invariant since they inherit the SU (5) breaking in the higgs sector. Doublet-triplet splittings in the B µ and higgs scalar mass terms naturally induce SU (5) violation in the generated masses. For example, when B µ , the color factors for the diagrams (see Figure 5 ) that generate the b and τ masses are 2 and 3 respectively (see Table IV ). Consequently, in this model, we naturally generate
which is close to the ratio yτ y b ≈ 1.7 expected in split SUSY [40] . The s mass measurement has a relatively large error. Owing to this error, the ratio yµ ys lies between 3.5 yµ ys 6.6 [36] , which is a significant deviation away from the SU (5) invariant relation y µ = y s . This SU (5) violation can also be accommodated in this model through doublet triplet splittings in the higgs sector. The requirement B implies that the color factors for the diagrams that generate the µ and s masses are in the ratio 3 : 2. The value of these diagrams are further affected by the masses of the doublet and triplet components of h d . Splitting in these masses alter the log factors that appear in (41) . Moderate O (1) differences in the doublet and triplet masses can easily split y µ and y s further and accommodate the observed SU (5) violation in the µ and s masses. The observed SU (5) violations in the down quark and lepton sectors are thus incorporated in the domino mechanism through simple GUT breaking effects such as doublet-triplet splitting. We note that while this radiative mechanism can naturally incorporate O (1) SU (5) violations, it does not naturally generate larger violations of SU (5) invariance.
The radiative contribution from the domino mechanism to the masses of the first generation are at the right order of magnitude for λ 1j ≈ 1. These masses are also affected by the presence of Planck-suppressed operators (see section III A 5) and h d (see section III A 8) operators. As discussed in section III A 8, these operators are the sources of CP violation for the model since U (1) rotations can be used to make all entries of the spurion λ real. The contributions from the operators
of section III A 5 are comparable to the first generation masses when
These conditions are satisfied when everything is around the GUT scale
A vev h d for h d directly causes down quark and lepton masses through the operators λ ij 10 i5j . In this model, h d must be tuned to be smaller than h u (see section III A 3). If h d ≈ 10 −5 h u , the contributions from this vev are comparable to the first generation down quark and lepton masses.
Numerically, we find that the observed mixing angles between the first generation and other generations are naturally produced with planck suppressed operators discussed above. Furthermore, O (1) phases introduced by these operators are sufficient to generate the observed CKM phase. For example, the Jarlskog invariant J ∼ 3 × 10 −5 [46] is reproduced with a coefficient ≈ e −2.5i for the operator σ † H † u 10 152 and real coefficients for all other operators. The domino mechanism naturally reproduces the observed hierarchy in the quark and lepton masses with O (1) yukawas λ ij ranging between 1 and 3. GUT breaking effects, quark mixing angles and the CKM phase are also easily incorporated into this framework.
B. Model with 45's
The fermion mass hierarchy is generated in this model from the superpotential (see section III B) 
where y 3 is defined in equation (29) to be
x 1 and x 2 are obtained from equation (32) and are given by
The SUSY breaking B µ term that communicates the chiral symmetry breaking to the 10 i ⊗5 j space is
The color factors for the diagrams that generate the fermion mass hierarchy in this model are summarized in Table V . The divergence structure of these diagrams are identical to those of the diagrams discussed in section IV A. of the Yukawa couplings and can accommodate their observed hierarchical structure, they could just as easily have accommodated any other structure.
By contrast, our model makes definite predictions for the hierarchies between the masses of successive generations and for their mixing angles. Further, all generations are treated identically, there is no need to single out any particle (e.g. the top quark) by choice. We have a new symmetry which forbids the Yukawas and when that is broken spontaneously, the Yukawa couplings are all naturally generated radiatively in the observed hierarchical patterns. We follow the effective field theory philosophy of simply writing down every allowed term with O(1) coefficients. Because of the simple structure of the two couplings that collectively break all flavor symmetries, successive generations only receive mass at successive loop orders as in Figure 1 . This "domino mechanism" produces the observed hierarchies in the Yukawa couplings from loop factors. Interestingly, the models naturally produce small quark mixing angles but large neutrino mixing angles. Note that we have generated the Yukawa couplings of the downs and leptons as H † u 105 instead of with H d . We have presented two models that illustrate this mechanism, the model of Section III A (summarized in Equations (8) and (13)), and the model of Section III B (summarized in Equations (28) and (30)).
Our models naturally preserve unification. They are embedded in split SUSY where both the SUSY breaking scale and the scale of flavor (the breaking scale of our new symmetry) are at the GUT scale, which is the only scale in the model besides the weak scale. Our mechanism gives novel SU(5) breaking relations in the Yukawa couplings. For example, in our minimal model the τ to b mass ratio is predicted to be 3 2 instead of 1, resolving the tension in many SUSY models. It arises as the ratio of the number of colors that run inside the loop in Figure 5 , which is the number of colors the fermion does not have (3 for the τ and 2 for the b). A ratio larger than 1 is easily produced in our second model as well. In both models the µ to s mass ratio also receives SU(5) breaking contributions which can easily split the masses by an O(1) factor. Such mass ratios arise from the SU(5) breaking in the masses of the GUT scale particles which are running in the loops that generate the Yukawas. This is an interesting illustration that the common problems of SU(5) Yukawa unification in GUTs may not indicate a problem with the supersymmetric framework but may instead arise naturally from a specific model of flavor.
Current experimental flavor constraints indicate that the Yukawas may not be generated near the weak scale. Although the SM flavor structure could be generated at any new intermediate scale, the GUT scale is already a well motivated scale and so seems a likely place for flavor to be generated. This case seems pessimistic since high-scale flavor models are often difficult to test experimentally. Remarkably though, our models have several potentially testable predictions. Importantly, these models give novel proton decay predictions which may well be observable at the next generation of proton decay experiments. Measurements of the various proton decay modes and branching ratios would be a direct probe of the couplings that generate the flavor structure of the standard model. Our mechanism for explaining flavor also necessarily solves the strong CP problem by producing an axion. The Yukawas are explained by forbidding them with a symmetry and generating them when that symmetry is broken. That symmetry has a mixed anomaly with QCD and therefore gives rise to an invisible axion when it is broken at the GUT scale. Additionally it necessarily implies an axino which can easily be the lightest superpartner. Thus all superpartners, including the long-lived gluino of split SUSY will decay to the axino, resolving the problems with high scale split SUSY. Such decays can have observable effects on the light element abundances produced during BBN and may even explain the Lithium problems. Further, if the gluino is produced at the LHC, it can stop and decay out of time in the detectors, giving a dramatic signature of such a scenario and further evidence for the GUT scale. Finally the Higgs mass is predicted to lie within a range from around 140 GeV to 154 GeV, which should be tested soon.
Although our specific models rely on radiative generation of the Yukawa couplings, the basic mechanism may be more generally applicable. The hierarchies between the different generations arise just from the simple flavor structure of our two flavor symmetry breaking couplings, the vector and the matrix. The pattern in the Yukawas is generated from the necessity of using these spurions repeatedly until all flavor directions are generated, as in Eqns. (3) and (4) . So long as each use of a spurion introduces a small factor in the coupling, the general hierarchical pattern will be reproduced. Our radiative model allows this spurionic factor to be rigorously computed and the numerical values work well. But there may be other implementations of this same idea that also give interesting results. The simplicity of the two spurions may lead, for example, to novel ways to embed the flavor structure of the Standard Model in string constructions.
